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Keratoconus is an ocular condition that causes corneal thinning, cone formation and scarring. In view of a hypothesis that activated MMP-2
may initiate or facilitate disease progression, the MMP-2/TIMP systems of stromal cells derived from normal and keratoconic corneas have been
compared. To achieve this, stromal cell cultures were established from normal, clear keratoconic (KCS-1) and scarred keratoconic (KCS-2)
corneas. The secreted MMP-2 was assayed using [3H]Type IV collagen and analysed by zymography. Optimally maintained and nutrient deprived
cells were subsequently incubated with [3H]lysine. The secreted radiolabelled macromolecules were separated and quantified. The results obtained
indicated that optimally maintained KCS-1 stromal cells produced more MMP-2 than normal stromal cells but not TIMP. Nutrient deprivation
induced MMP-2 activation and cell death. Surviving cells upregulated TIMP-1 synthesis and in this respect became similar to the KCS-2 stromal
cells that did not excessively generate activated MMP-2 or die as a consequence of nutrient deprivation. From these results, it was concluded that
KCS-1 stromal cells over-expressed MMP-2 without increasing TIMP production. This may facilitate MMP-2 activation in vivo and hence
advance the keratoconic condition. KCS-2 cultures over-expressed both MMP-2 and TIMP-1. Because TIMP-1 inhibits MMP-2 activity and
protects against cell death it may be of significance in initiating repair processes and curtailing keratoconus.
© 2006 Elsevier B.V. All rights reserved.Keywords: Matrix metalloproteinases (MMPs); Tissue inhibitors of matrix metalloproteinases (TIMPs); Cornea; Keratoconus; Keratocytes1. Introduction
Keratoconus is a non-inflammatory ocular disorder in which
the central cornea of predominantly young adults becomes
thinned, conical and scarred. There is sometimes an association
of keratoconus with non-ocular atopic conditions and some-
times an association with inherited connective tissue disorders
of which the most commonly reported are Type IVand Type VI
Ehlers–Danlos syndrome or osteogenesis imperfecta [1–3].
Although recently keratoconus initiation has been attributed to
free radical damage and stromal cell apoptosis [4–6], the
observed clinical associations, together with the fact that
disruption of the epithelial basement membrane, Bowman's
layer and Descemet's membrane are characteristic features of
keratoconic corneas [7], suggest matrix metalloproteinase
(MMP) involvement, particularly that of MMP-2. In contrast
to MMP-9 that is the inducible gelatinase produced by corneal
epithelial cells [8,9], MMP-2 is the major protease constitu-⁎ Corresponding author. Tel.: +44 0117 9284853; fax: +44 0117 9251421.
E-mail address: Val.Smith@bristol.ac.uk (V.A. Smith).
0925-4439/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.bbadis.2006.01.010tively synthesised and secreted by corneal stromal cells
(keratocytes) in vivo and in vitro [10,11]. While unable to
break down the interstitial fibrillar collagens, it may hydrolyse
Type IV basement membrane collagen and by attacking newly
synthesised Type 1 collagen before fibrillogenesis occurs, limit
tissue renewal [12].
The hypothesis that MMP activity is involved in keratoconus
progression has been investigated by a number of authors. It has
been variously reported that MMP activity is enhanced in
keratoconic corneas [13,14], that there is no difference in the
MMP activity of normal and keratoconic corneas [15] and that
there may be a change in the balance of the MMP protein
inhibitors [TIMP-1 and TIMP-2] that alters the activity status of
the endogenous MMPs [16].
Subsequent to these reports, we showed that the total amount
of MMP-2 secreted in vivo and in vitro by early-phase clear
keratoconic (KCS-1) stromal cells was slightly higher than that
of the MMP-2 secreted by normal stromal cells and that the
KCS-1 stromal cells also secreted the Mr 62,000 species of
MMP-2 [11]. Although this has been generally considered to
represent activated enzyme from which the inhibitory N-
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is that it represents the conformer of the proenzyme that is
cleaved when generating activated MMP-2 [19,20]. Part of the
supporting evidence was that MMP-2 activity, assayed using
denatured [3H]Type 1 collagen or DNP–Pro–leu–Gly–Leu–
Dpa–Ala–Arg–NH2.AcOH as substrate, could not be detected
in extracts of early-phase clear keratoconic corneas or in the
media of their cultured corneal stromal cells but was generated,
concomitant with the production of an Mr 43,000 species of
MMP-2, by SDS treatment without protein fractionation. Since
this did not apply to the MMP-2 produced by normal stromal
cells, it was considered possible that keratoconic corneas and
their stromal cell cultures were deficient in TIMP. This
possibility has been addressed in the present communication.
2. Materials and methods
2.1. Experimental material
Normal corneas (n=10) that were unsuitable for transplantation because of a
medical contraindication or endothelial defect were obtained from the Bristol
CTS Eye Bank. To minimise the possibility of using tissue in which the
endogenous MMP-2 had become activated during organ culture [20], corneas
that had been stored for less than 15 days were chosen for experimentation.
Keratoconic corneal buttons were obtained from patients undergoing penetrating
keratoplasty. From their medical records, these patients had either no corneal
scarring (n=6), or extensive corneal scarring (n=8). Research permission had
been given for all the corneas used experimentally.
2.2. Tissue culture
After removing the epithelial cells from the corneas with a scalpel, stromal
explants were prepared by dicing the tissues in Dulbecco's MEM supplemented
with foetal calf serum (FCS; 10% v/v), glutamine, glucose (Invitrogen Ltd.,
Paisley, UK), and an antibiotic antimycotic cocktail (Sigma-Aldrich Co Ltd.,
Poole, Dorset). The explants from each cornea were seeded into 3 culture flasks
(25 ml) and incubated at 36 °C under 5% CO2/95% air in the same medium
(3 ml). From these, primary cultures of stromal cells were obtained. Their
growth medium was replenished every 3–4 days and they were maintained until
required for experimentation, usually 2–3 weeks after initiating the cultures.
Cells that were used for experimentation were trypsinised only once. After
washing the cells with sterile, Ca2+-free phosphate buffered saline and
incubating with 0.8 ml Trypsin EDTA solution (Invitrogen Ltd.) for 3–5 min
at 36 °C, those of the same cornea were pooled, collected by centrifugation at
1500 rpm for 3 min at room temperature, resuspended in MEM, counted with a
haemocytometer and aliquoted into 25 ml culture flasks (0.5×104 cells /flask).
Once the cells had attached (approximately 1 h at 36 °C) additional medium was
added and changed at regular intervals (3–4 days).
2.3. Secreted protein collection
On achieving uniform confluence (2–3 weeks), the cell culture medium was
replenished twice weekly with MEM containing FCS (10%v/v) or for
intermittent periods of 4 days, with FCS-free MEM. The latter was collected.
Aliquots of these media samples (200 μl) were retained for zymography. The
protein in the remainder of each sample was pelleted by centrifugation after
ammonium sulphate precipitation (70% w/v), resuspended in 0.05 M Tris–HCl
buffer, pH 7.4 containing 10% (v/v) glycerol and stored at either −20 °C (short-
term) or −80 °C (long-term).
2.4. Nutrient deficiency stress
Stromal cell cultures of normal, KCS-1 and KCS-2 corneas that had
been optimally maintained over prolonged time periods were transferred toserum-free MEM and subsequently incubated in the same medium at 36 °C
under 5% CO2/95% air and saturating humidity for 5 weeks. During and
afterwards, media samples were removed to assay and analyse the secreted
MMP-2.
2.5. Radiolabelling keratocyte secreted proteins
L-[4,5-3H]Lysine monohydrochloride (2.81 TBq mmol−1; Amersham
Pharmacia Biotech, Bucks, UK) was introduced into replicates (usually 3)
of each keratocyte culture at a final specific activity of 0.66 GBq ml−1.
Before addition, the cells were washed and resuspended in 3 ml lysine-free
MEM (prepared by Invitrogen Ltd.) without FCS. The cells were routinely
incubated for 4 days. After harvesting the media the de novo synthesised
and secreted [3H]labelled proteins were precipitated using (NH4)2SO4 (70%
w/v), collected by centrifugation at 12,000 rpm for 45 min at 4 °C and
extensively washed in 80% (w/v) (NH4)2SO4. Finally, the pelleted proteins
from the replicate cultures were pooled, dissolved in 100 μl buffer (0.05 M
Tris–HCl, pH 7.4 containing 10% v/v glycerol) and stored at −20 °C prior
to analysis.
2.6. Protein estimation
Protein concentration was estimated spectrophotometrically from the
relationship OD225 9.18=1 mg ml
−1 [21].
2.7. Enzyme assays
(i) Zymography: the gelatinases present in the culture media of the corneal
stromal cells were separated and visualised on 8.5% (w/v) polyacrylamide gels
containing 1 mg ml−1 gelatin [22]. For comparative purposes similar quantities
of protein were loaded onto the gels (7 μg/lane). The samples contained SDS
(1% w/v) and glycerol (5%v/v) but no reductant and were not boiled before
loading. This assay is a method of visualising the MMP-2 species present but
gives no indication of its activation status in vivo.
(ii) Visualisation of in vivo activated MMP-2: Gelatin containing
polyacrylamide gels (8.5% w/v) were prepared omitting SDS. When set, the
gels were placed on thick filter paper, wetted with 0.05 M Tris–HCl, pH 7.4
containing 5 mM CaCl2. Aliquots of the stromal cell secreted protein samples
(5 μg in 15 μl 0.05 M Tris–HCl, pH 7.4) were loaded onto filter paper antibiotic
assay discs. These were placed on the gels and removed after 18 h at 36 °C. After
staining with Coomassie blue and destaining, cleared circular areas in the gels
represented the positions of the filter paper discs that had contained activated
enzyme.
(iii) Hydrolysis of [3H]Type IV collagen: N-[propionate-2,3-3H]-Type IV
collagen (Specific radioactivity 8.1 GBq mg−1; Dupont NEN, Dreiech,
Germany) was diluted with 10 mM acetic acid, to produce a stock solution
of 40 Bq μl−1. Samples, of similar protein concentration, were assayed in
triplicate at 36 °C in a total volume of 200 μl containing 20 μl of the stock
[3H] Type IV collagen substrate. The assay buffer was 0.1 M Tris–HCl, pH
7.8 containing 5 mM CaCl2 and 20 μM ZnCl2. Aliquots (45 μl) were
removed in duplicate at t=0 and t=18 h and added to equal volumes of
ice-cold 0.05 M Tris–HCl, pH 7.4, 10 mg ml−1 BSA (bovine serum
albumin) and 5 mM EDTA (ethylene diamine tetraacetic acid). A saturated
solution of (NH4)2SO4 (200 μl) was then added to precipitate the intact
Type IV collagen. After 1 h at 4 °C and centrifugation, the supernatants
were counted for radioactivity. The amount of free, non-precipitable
radioactivity was a measure of the extent to which the added substrate
had been degraded. The assay kinetics were nonlinear because the substrate
is polymeric.
2.8. SDS-Polyacrylamide gel electrophoresis (SDS-PAGE)
SDS-Polyacrylamide gels (8.5% w/v) were prepared according to the
method of Laemmli [23]. Routinely, to prevent the generation of low molecular
weight monomers from S–S bonded polymeric proteins that might interfere with
the resolution and hence quantification of the radiolabelled proMMP-2 and
TIMP proteins, the protein samples (30 μl), containing 1% w/v SDS and 5% v/v
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electrophoretograms, together with the corresponding zymographic activity
profiles of the MMP-2 present, are shown in Fig. 1. Reference MMP-2 and
TIMP proteins and rainbow markers (Mr 220,000–14,300, Amersham
Pharmacia Biotech) were applied to the outside lanes of the gels. Electrophoresis
was performed at 75 V. for approximately 2.5 h. using the Biorad mini protein
gel equipment.
2.9. Western blotting
After SDS-PAGE the proteins were blotted onto immobilon membranes
(Millipore, Hertfordshire, UK) using 25 mM Tris–Glycine buffer, pH 8.3
containing 0.05% (w/v) SDS and a Biorad Trans-blot SD (semi dry) transfer cell
(15 V for 60 min). Unless immunostained, the membranes were then rinsed in
distilled water, stained with amido black (Sigma), destained (15% glacial acetic
acid, 10% methanol in distilled H2O) and dried.
2.10. Immunodetection of MMP-2, TIMP-1 TIMP-2 and TIMP-3
MMP-2 (comprised of the Mr 66,000 and Mr 62,000 species) and TIMP
reference proteins and their respective polyclonal antibodies were obtained
from Chemicon International, Harrow, UK. The appropriate peroxidase
conjugated secondary antibodies were obtained from Sigma. After Western
blotting, the immobilon membranes were blocked with milk powder
dissolved in PBS containing 1% (v/v) 2-mercaptoethanol and rinsed in
PBS. They were then sequentially incubated with either the anti MMP-2 or
TIMP antibodies (200 μg ml−1) in PBS containing 5% (w/v) BSA and
secondary antibody. Residual antibody was removed by washing in 50 mM
Tris–HCl, pH 7.4, 150 mM NaCl (TBS) containing 0.2% (v/v) Tween.
Antigen–antibody complexes were detected using, as substrate, 3′3′-
Diaminobenzidine (0.5 mg ml−1) in 0.05 M Tris–HCl, pH 7.4 containing
0.075% H2O2 (30% v/v stock).
2.11. Quantitative analysis of the secreted HMWPs, proMMP-2 and
the TIMP proteins
After general staining with amido black or appropriately immunostaining
with the anti MMP-2, TIMP-1 or TIMP-2 antibodies, strips of the
immobilon membranes, corresponding to each lane on the polyacrylamide
gels, were cut into 2.5 mm sections. These were placed in vials with
scintillant and counted for radioactivity. The first four fractions containing
the high molecular weight macromolecules (soluble matrix proteins/
glycoproteins/proteoglycans) were collectively termed the HMWPs. From
the molecular weights of proMMP-2 (Mr 66,000 and 62,000), TIMP-1 (Mr
28,000), TIMP-2 (Mr 21,000), TIMP-3 (Mr 24,000), the known running
positions of these proteins in the radioactivity profiles (Fig. 2) and the
radioactivity (dpm) associated with each of them, their relative molar ratios
were determined. The summated data presented pertained to the secreted
protein samples of the optimally maintained or nutrient deprived stromal
cell cultures derived from either 10 or 3 normal corneas, 6 or 3 KSC-1
corneas and 8 or 3 KCS-2 corneas, respectively.Fig. 1. SDS-PAGE profiles of native (A) and reduced (B) macromolecules extracted f
corneal stromal cells. The corresponding zymographic activity profiles of the proMM
1) are shown in C. Protein standards were run in lane 5.2.12. Statistical analyses
All data are expressed as mean±standard deviation (SD). The 2-tail
Student's t-test for unpaired data was used to determine correlative significance.3. Results
3.1. Quantification of [3H]proMMP-2, [3H]TIMP-1 and [3H]
TIMP-2 produced by normal and keratoconic keratocytes in
culture
Each sample analysed contained the de novo synthesised
radiolabelled macromolecules secreted by 3 stromal cell
cultures grown from the same cornea (10 normal, 6 KCS-1,
8 KCS-2). For each of these, the total radioactivity recovered on
the immobilon membrane and the amount of radioactivity
generally associated with high molecular weight macromole-
cules (HMWPs, blot fractions 1–4) and specifically associated
with the protein bands corresponding to the proMMP-2, TIMP-
1 and TIMP-2 standards, were determined. From these data the
percentages of the total radioactivity associated with the
HMWPs and proMMP-2 (Fig. 3) and the molar ratios of
proMMP-2, TIMP-1 and TIMP-2 (Fig. 4) were calculated.
From Fig. 3, it can be seen that the quantities of the soluble
HMWPs recovered from the media of the KCS-1 and KCS-2
stromal cell cultures were slightly but statistically significantly
different (P=<0.001) and also lower than from the normal (N)
stromal cell cultures (P=0.005 and <0.001 for N vs. KCS-1 and
N vs. KCS-2, respectively). With respect to the secreted
proMMP-2, though the estimated concentrations of this enzyme
in the KCS-1 and KCS-2 stromal cell media samples were
similar (P=>0.2), they were statistically significantly higher
than that of the normal stromal cell media samples (P=<0.001
for both N vs. KCS-1 and KCS-2).
According to literature reports, TIMP-1 binds proMMP-9
and all activated MMPs [24] and TIMP-2, usually found in
association with proMMP-2, inhibits MMP-2 activation [25].
The data presented in Fig 4 showed that the normal stromal cell
media samples contained stoichiometric 1:1 quantities of TIMP-
1 and TIMP-2 and in relation to proMMP-2, a slight excess of
these inhibitory ligands. In contrast, although there was no
statistically significant change in the molar ratio of the TIMP-2/
TIMP-1 present in the KCS-1 media samples (P=0.38) becauserom the culture media of normal (lane 1), KCS-2 (lane 2) and KCS-1 (lanes 3,4)
P-2 present, ofMr 66,000 (normal and KCS-2) andMr 66,000 and 62,000 (KCS-
Fig. 3. Estimated percentages of the total radioactivity incorporated into the high
molecular weight macromolecules (HMWP) and proMMP-2 secreted by stromal
cells cultured from normal (n=10), KCS-1 (n=6) and KCS-2 (n=8) corneas and
incubated with [3H]lysine. The percentage recovery of soluble HMWP from
KCS-2 stromal cell culture media is significantly less than from KCS-1 and
normal stromal cell culture media (P values<0.001). The percentage recovery of
proMMP-2 from KCS-1 and KCS-2 culture media is significantly higher than
that from normal stromal cell culture media (P values<0.001).
Fig. 4. Estimated molar ratios of [3H]TIMP-1/[3H]MMP-2, [3H]TIMP-2/[3H]
MMP-2 and [3H]TIMP-2/[3H]TIMP-1 secreted by stromal cells cultured from
10 normal, 6 KCS-1 and 8 KCS-2 corneas and incubated with [3H]lysine. The
normal corneal stromal cells secreted similar quantities of TIMP-1 and TIMP-2
and in relation to proMMP-2 an excess. Changes in the TIMP/proMMP molar
ratios are a result of MMP-2 over production in KCS-1 and KCS-2 stromal cell
media and upregulated TIMP-1 synthesis in KCS-2 stromal cell media.
Fig. 2. Representative radioactivity elution profiles of the native macromole-
cules extracted from the culture medium of optimally maintained normal (A),
KCS-1 (B) and KCS-2 (C) corneal stromal cells, separated by SDS-PAGE and
Western blotted onto immobilon. Visualised reference proteins indicated the
marked running positions of proMMP-2 and the TIMP-1 and TIMP-2 proteins.
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tion in the TIMP-1/proMMP-2 and TIMP-2/proMMP-2 ratios
(P values<0.001). In the case of the KCS-2 media samples,
although the ratios of the secreted TIMP-2/TIMP-1 and TIMP-
2/MMP-2 were both reduced relative to those of the normal
stromal cell media samples (P=0.004 and <0.001, respective-
ly), the TIMP-1/proMMP-2 ratio was high compared to the
KCS-1 media samples (P=0.001) and similar to that of the
normal stromal cell cultures (P=0.2). The most obvious
inference from these observations was that TIMP-1 production
was upregulated in the cultures of KCS-2 stromal cells.3.2. Effect of stress, induced by nutrient deficiency, on stromal
cell morphology and metabolism
Confluent cultures of the normal, KCS-1 and KCS-2 stromal
cells, optimally maintained over a period of 6 months, were
metabolically stressed by prolonged incubation in the same
serum free media. In the case of the stromal cell cultures from
normal corneas only (n=4), there was a tendency for the whole
cellular matrix to detach from the flask and by the end of week 5
most of these cells and those of the cultures from KCS-1
corneas (n=4) appeared to be dead. By contrast, those derived
from the KCS-2 corneas (n=4) remained very healthy, had been
reduced to a monolayer of elongate cells lying in the same
orientation and were more clearly defined than their control
counterparts that had been optimally maintained in MEM
containing 10% v/v FCS. Representative photographs of these
cultures at this point in time are shown in Fig. 5; differences in
their morphological appearance reflected the relative extents to
which the MMP-2 present in their incubation media became
activated over this time period, as assayed using [3H]Type IV
Fig. 5. Typical morphological appearance of stromal cell cultures subjected to a 5-week period of nutrient deprivation. A—from normal corneas; B—from KCS-1
corneas; C—from KCS-2 corneas.
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hydrolysis (Fig 6). In addition, in all the media samples from
nutrient deprived stromal cell cultures, there were increases in
the numbers and intensities of the zymographic MMP-2
activities observed, particularly with respect to the Mr 62,000
species (Fig. 7). This was most apparent in the case of the KCS-
1 media preparations and least in the case of the KCS-2 media
preparations. In the latter case, the Mr 43,000 MMP-2 activity,
postulated to be the major activated species of this enzyme in
vivo [19,20] was also considerably less apparent.
The observed differences in the zymographic MMP-2
profiles shown in Fig. 7 indicated that the activation of this
enzyme was effected by the cells and not simply an extracellular
phenomenon (i.e., oxidation or partial degradation by co-
secreted proteases). To verify this, media samples were removed
from the cultures two weeks after initiating the nutritional
deprivation regime. Portions were immediately frozen, the
remainders were incubated under standard conditions at 36 °C
for a further 3 weeks before analysing the MMP-2 present in
these samples by zymography. The lack of change in the
gelatinase activity profiles over this time period (Fig. 8)
provided clear evidence that the observed MMP-2 activation
was a cell-dependent phenomenon.
To further investigate the effect of stress on the de novo
synthesis and secretion of high molecular weight matrix
components and on the MMP- TIMP system, stromal cell
cultures of 3 of the normal, KCS-1 and KCS-2 corneas that had
been optimally maintained over a prolonged period were then
subjected to nutritional deprivation for 0 (n=2), 1 week (n=2), 3Table 1
Specific activity of the MMP-2 present in the culture media of normal (n=2),
KCS-1 (n=5) and KCS-2 (n=4) corneal stromal cells after nutrient deprivation
for 5 weeks
Keratocyte culture Specific activity
(dpm 16 h−1 mg−1)
% Control
(crab collagenase)
Normal 4680±740 6.5±1.0
KCS-1 4234±888 6.3±1.3
KCS-2 1135±165 1.7±0.3
The assay substrate was [3H]Type IV collagen.
P values are <0.001 for KCS-2 vs. KCS-1 and KCS-2 vs. Normal.weeks (n=2) and 5 weeks (n=1) and incubated with [3H]lysine
for a further 4 days before harvesting and appropriately pooling
the media of the duplicate cultures. In the case of the normal and
KCS-1 stromal cell cultures subjected to nutrient deprivation for
5 weeks, the three media samples were pooled for determining
the proportions of the radioactivity incorporated into the
HMWPs, proMMP-2, TIMP-1, TIMP-2 and the TIMP-3 MMP
inhibitor usually found associated with insoluble matrix
proteins. Overall, in all cultures there was around a 60% drop
in the total radioactivity incorporated after week 3 and this was
further reduced to 8–9% after week 5, possibly a combination of
cell death and surviving cells becoming metabolically quiescent.
Irrespective of this, the data (Fig. 9) showed firstly that in all
cultures there was, over the 5-week incubation period, a
reduction in the percentage of the total radioactivity recovered
in their media as HMWP but the extent to which this occurred
was notably less in the KCS-2 stromal cell cultures. Secondly,
that theMMP-2 content of the culturemedia did not significantly
change with time but the calculated proportion of this enzyme in
the KCS-1 and KCS-2 culture media remained higher than in the
normal culture media. Thirdly, that the proportion of TIMP-1
recovered in the KCS-2 culture media was greater than in the
normal and KCS-1 culture media and there was no change with
time. Fourthly, that the TIMP-1 content of the normal andKCS-1Fig. 6. Visual evidence that MMP-2 becomes activated in nutrient deprived
normal and KCS-1 corneal stromal cell cultures. Aliquots of the growth media,
sampled after 1, 3 and 5 weeks were absorbed into filter paper assay discs and
placed on polyacrylamide gels containing gelatin.
Fig. 7. Effect of nutrient deprivation on the zymographic activity profiles of the
gelatinises produced by stromal cells cultured from normal (a, b), KCS-1 (c) and
KCS-2 (d) corneas. Their culture media was sampled after 1 week (a) and 5
weeks (b, c, d). Of the MMP-2 species generated, the one mainly responsible for
activity in vivo is of Mr 43,000.
Fig. 9. Effect of nutrient deficiency on the composition of the [3H]lysine labelled
proteins secreted by stromal cells cultured from normal (A), KCS-1 (B) and
KCS-2 (C) corneas. As percentages of the total soluble protein extracted from
their media, HMWP recovery decreased with time, proMMP-2 recovery
remained unchanged and TIMP-1, TIMP-2 and soluble TIMP-3 increased. The
exception was TIMP-1 recovery from the KCS-2 stromal cell cultures. This
remained consistently high throughout.
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KCS-2 samples. Finally, with respect to the TIMP-2 and TIMP-3
synthesised and secreted by normal, KCS-1 and KCS-2 stromal
cells, similar time dependent increases in the proportion of these
MMP inhibitors to the total [3H]lysine labelled protein secreted
by the corneal stromal cells were observed. It was concluded that
the activation of MMP-2 in the cultures was independent of de
novo synthesis and that the up-regulation of TIMP synthesis was
a mechanism by which the pathological damage caused by this
enzyme could be limited.
3.3. Long-term effects of metabolic stress
As stated previously, nutrient deprivation caused the matrices
of the normal stromal cells to irreversibly detach from their
incubation flasks. This did not occur in the cultures of the KCS-
1 or KCS-2 stromal cells and after 5 weeks in serum-free MEM
they were returned to fresh medium containing 10% v/v FCS
that was replenished every 3–4 days. Occasionally, to obtain
media samples for analysis, serum-free MEM was substituted.Fig. 8. Evidence that MMP-2 does not autoactivate at 36 °C. A—zymographic
activity profiles of the MMP-2 present in media samples removed from normal
(1), KCS-1 (2) and KCS-2 (3) corneal stromal cell cultures after incubating for 2
weeks in the same serum free media. B—zymographic activity profiles of
aliquots of the same samples incubated at 36 °C for a further 3 weeks. In these
samples bands corresponding to activated MMP-2 of Mr 43,000 were not
apparent.During this time, the KCS-2 cells returned to their pre-stress
morphology and cellular regeneration, albeit slow, was observed
in the KCS-1 cultures (photographs not shown). Analysis of the
secreted MMP-2, assessed zymographically after 1 and 3 weeks
of the recovery period showed that generation of the proactive
Mr 62,000 and active Mr 43,000 species gradually ceased (Fig.
10). Furthermore because subsequent attempts to reactivate the
MMP-2 produced in the KCS-1 stromal cell cultures subjected a
second time to nutritional deprivation failed, the mechanism
appears to be irreversible.
4. Discussion
Keratoconus is progressive condition initiated in young
adults. At the extremes, the corneas of keratoconic patients
Fig. 10. Evidence of MMP-2 deactivation in KCS-2 (1) and KCS-1 (2) stromal
cell cultures that had been subjected to nutrient deprivation for 5 weeks. A—
MMP-2 zymographic activity profiles prior to nutrient deprivation; B—after a
recovery period of 1 week; C—after a recovery period of 3 weeks; by this time,
production of the proactive Mr 62,000 species of MMP-2 had ceased.
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scarred. The possibility of MMP-2 involvement in kerato-
conus initiation and/or progression has been considered
previously. However, because MMP-2 activity could not be
detected in keratoconic corneas or in the protein fraction of
the medium of their cultured stromal cells [11,15], it was
also hypothesised that there may be an imbalance in the
relative rates of synthesis of its endogenous protein
inhibitors, TIMP-1 and TIMP-2 [16].
To address this possibility [3H]lysine was introduced into
uniformly confluent cultures of stromal cells derived from
normal, KCS-1 and KCS-2 corneas and among the
radiolabelled macromolecules secreted over a period of 4
days, the relative contributions of the high molecular weight
matrix components, MMP-2, TIMP-1 and TIMP-2 were
determined. In agreement with previous work [11] the data
obtained indicated that relative to the stromal cells cultured
from normal corneas, both the KCS-1 and KCS-2 stromal
cell cultures produced an excess of MMP-2 protein. They
also showed that that on a molar basis, the quantities of
TIMP-1 and TIMP-2 produced by the normal and KCS-1
stromal cell cultures were similar. For these reasons, it was
hypothesised that corneas with the potential for developing
keratoconus contain an excess of the proMMP-2 over TIMP-
2 and this provides the potential for generating activated
enzyme. In support of this possibility, it has been shown
previously that MMP-2 of apparent Mr 62,000 abnormally
exists in early-phase keratoconic corneas and is the
conformer cleaved to produce the activated species of Mr
43,000 [19]. This lacks both N-terminal and C-terminal
peptides [26] and may not therefore be subject to inhibition
by TIMP.
In addition to the observation that the concentrations of
TIMP-1 and TIMP-2 secreted into the culture media of the
normal and KCS-1 stromal cells were similar and of
approximately 1:1 molar ratio, it was also noted that this
was the case for the TIMP-2 produced by the KCS-2
stromal cell cultures but not the TIMP-1. The most obviousinterpretation of the finding that the stromal cells of the
KCS-2 cultures secreted more TIMP-1 than those of the
KCS-1 cultures is that the synthesis of scar tissue in
keratoconic corneas involves upregulation of TIMP-1 but not
TIMP-2 synthesis. On the basis of an observation that
stromal scars of keratoconic corneas had increased staining
with TIMP-1 and TIMP-2 antibodies, Kenny et al. [27]
suggested that these proteins may be important for scar
formation and corneal remodelling. TIMP-2 is not an
inducible protein in fibroblastic cells, TIMP-1 is. Its
upregulated production may simply be to curtail degradation
of the stromal components susceptible to the activity of
MMP-2. Alternatively, other functions that have recently
been ascribed to TIMP-1, including resistance to apoptosis
[28,29] and suppression of cell migration [30], may be
operational.
If corneas with the potential for developing keratoconus
contain an excess of proMMP-2 relative to cosecreted TIMP,
even though the enzyme has the potential to autoactivate,
some trigger would be required to initiate the activation
process. To investigate this, stromal cells cultured from
normal and keratoconic corneas were subjected to stress,
induced by nutrient deprivation. It was found that the
normal and KCS-1 stromal cell cultures, apart from the
extent to which the Mr 62,000 MMP-2 species was
generated, behaved similarly over a 5-week period: there
was a significant decrease in the synthesis and secretion of
high molecular weight macromolecules and though the
relative amounts of MMP-2 protein produced did not
change, the cells, most of which eventually died, produced
activated enzyme of Mr 43,000. The morphological differ-
ences between these cultures and the KCS-2 cultures at the
end of the 5 weeks were striking. Although reduced to
monolayers of elongate cells, the KCS-2 cultures remained
viable and healthy. They also produced considerably less
activated MMP-2 and perhaps as a consequence, the
reduction in the proportion of the radioactivity recovered
as secreted high molecular weight components was also
relatively low. Excess TIMP-1 production by the KCS-2
stromal cell cultures could account for the lack of MMP-2
activity in these cultures, possibly by preventing the
generation of the Mr 43,000 species. The anti-apoptotic
properties of TIMP-1 [28] could also account for the fact
that these cells did not die as a consequence of the nutrient
deficiency regime. Interestingly, in both the normal and
KCS-1 cultures, TIMP-1 synthesis was upregulated and by
week 5, relative to the total protein secreted, the quantities
attained were similar to that of the KCS-2 stromal cell
cultures. It was considered possible that the dying cells in
these cultures upregulated TIMP-1 synthesis thereby offering
protection to those that were still viable. Alternatively, the
surviving cells were those that had been able to upregulate
TIMP-1 synthesis. While this remains to be resolved, in all
cultures, the apparent up-regulation of TIMP-1 production
was paralleled by similar increases in the synthesis and/or
accumulation of TIMP-2 and soluble TIMP-3. Given that
secreted TIMP-3 is generally recovered as an insoluble
438 V.A. Smith et al. / Biochimica et Biophysica Acta 1762 (2006) 431–439protein from cell matrices, the latter observation may
indicate that when the stromal cells are metabolically
stressed and producing activated MMP-2 and possibly
other proteases, a component of the cell matrix which
binds TIMP-3 is degraded. This is in accord with a report
that TIMP-3 staining does not occur in regions of
keratoconic corneas that lack Bowman's Layer [27]: its
significance may relate to an observation that keratocyte
apoptosis is associated with keratoconus [31,32] and to
TIMP-3 function. It is known that matrix bound TIMP-3
causes apoptosis of cells in the site of deposition [33–35]
and it is hypothesised that when free in solution it may
simply act as an MMP inhibitor.
In conclusion, evidence has been obtained that proMMP-
2 is over-expressed in KCS-1 stromal cells without a
concomitant increase in TIMP-1 or TIMP-2 production. The
resultant imbalance in proMMP-2/TIMP may relate to the
appearance of the Mr 62,000 species of MMP-2 in cultures
of these cells and facilitate enzyme activation. Although
stress, induced by nutrient deprivation caused cell-dependent
MMP-2 activation and resulted in cell death in both normal
and KCS-1 stromal cell cultures, in cultures of normal and
KCS-1 stromal cells that survived nutrient deprivation,
TIMP production was upregulated and MMP-2 deactivated.
In similarly treated KCS-2 stromal cell cultures that over-
expressed TIMP-1, the cells remained healthy and the extent
of MMP-2 activation low. For this reason, in addition to
inhibiting MMP activity, upregulated TIMP-1 production
may be a feature of corneal scar tissue cells that are
refractory to dying or alternatively it prevents cell death that
is conceivably initiated by upregulated TIMP-3 production
and sequestration in the extracellular matrix.
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